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Introduction
The existing infrastructure and built environment represent approximately 50% of the national wealth in most countries within Europe (Long, Henderson, & Montgomery, 2001) . Accordingly, the maintenance and repair of existing structures constitute an increasing part of the expenditure in the construction industry; around 50% in Europe according to Long et al.(2011) . Furthermore, change in societal needs such as increased transportation, densified cities and higher mobility, increase the demand for greater load-carrying capacity of the existing infrastructure, and calls for a reassessment of transport infrastructure in certain bridges. Bridge deck slabs are among the most exposed bridge parts and are often critical for the load-carrying capacity. Consequently, it is of high importance to have accurate methods for the assessment of load-carrying capacity and the evaluation of mechanical response in bridge deck slabs. With such methods, higher load-carrying capacity can be detected in the assessment of existing bridge deck slabs. Such methods will in turn lead to lower life cycle costs and reduced environmental impact.
A step-level procedure for the structural assessment of existing bridges has been proposed according to successively improved evaluation method integrated into the decision process (SB-LRA, 2007) . At initial level, the assessment starts with calculations using ordinary design methods, with the assumption that the properties and condition of the structures are according to drawings. If safety cannot be assured, or if inspections reveal damage to the structure, the assessment can be enhanced through improved inspection, testing and more advanced analysis methods. For RC bridges where original drawings are missing, the material properties and amount and position of the reinforcement have to be obtained from sample tests and on-site measurements; see (SB-ICA, 2007) . In the assessment of existing structures, it is often economic to use more accurate and detailed calculation models to better detect the real loadcarrying capacities, than what is motivated in the design of new structures. With non-linear finite element (FE) analysis, the structural response for a given set of actions can be simulated realistically. For reinforced concrete (RC) structures, the influence of concrete cracking and crushing, reinforcement yielding and the bond-slip interaction between concrete and reinforcement can be included. It has been stated that "non-linear FE analysis has the highest potential from all the analysis method for discovering any additional sources for load-carrying capacity" (SB-4.5, 2007) in the assessment of RC bridges.
However, even though the principle of successively improved evaluation for structural assessment is a sound strategy, it is only described in general terms in the literature. When used in engineering practice, it is left to bridge engineers to decide upon the most suitable method for each individual case. Consequently, there is a need for more detailed recommendations regarding suitable analysis methods at different assessment levels for each specific type of structure. Such recommendations may provide guidance to the overall structural analysis methods and resistance models to be used in combination, and may provide recommendations concerning modelling choices for the various levels of assessment.
The aim of this paper is to propose an assessment strategy for the structural assessment of RC bridge deck slabs and to demonstrate and examine the strategy in two case studies. The assessment strategy is based on the principle of successively improved evaluation involving structural analysis at five levels of detail and accuracy, ranging from simplified methods of the current dominate design methods to enhanced non-linear FE analysis.
The proposed method is demonstrated and validated in two case studies, representing different slab geometries and failure modes relevant to engineering practice. The case studies consist of (a) two-way slabs subjected to bending failure (Fall, Shu, Rempling, Lundgren, & Zandi, 2014) , and (b) a cantilever slab subjected to a combination of shear and punching failure (Vaz Rodrigues, 2007) . Both types of slabs have been tested under concentrated loads. The former experiments has previously been used for the development of modelling recommendations for non-linear 3D continuum FE analysis (Shu, Fall, Plos, Zandi, & Lundgren, 2014b) . The capability of the different proposed assessment levels to reflect the structural response and predict the load-carrying capacity of the slabs studied was evaluated by comparison to the test results.
Structural Analysis for Assessment of Bridge Deck Slabs
In engineering practice, structural analyses are performed to determine the action effects on the bridge deck slab, normally in terms of cross-sectional forces and moments. These are compared to corresponding (cross-sectional) capacities of the slab, determined using local resistance models. According to Eurocode 2 (EN 1992 (EN -1-1, 2004 ), a structural analysis can be performed at different levels of accuracy, from linear elastic to fully non-linear analysis. Traditionally, simplified linear two-dimensional (2D) beam or frame models have been used for the structural analysis of RC bridge deck slabs in combination with distribution widths from handbooks such as BBK 04 (Boverket, 2004) . For RC slabs in buildings, methods based on plasticity, such as the yield line method (Johansen, 1972) and the strip method (Hillerborg, 1996) are applied. 3D grillage models (Hambly, 1976) have also been commonly used in the past for bridge deck ananlysis. Today, linear three-dimensional (3D) FE models are commonly used in engineering practice, see e.g., Rombach (2004) and Blaauwendraad (2010) . Resistance models used are typically described in Eurocode 2 (EN 1992-1-1, 2004 ), ACI 318-11 (ACI Committee 318, 2011) or national regulations. If the structure is deteriorated, the effect on the structural performance can be included as a change in geometry (cross-section) and material properties of the concrete, reinforcement and their interface, see e.g., (Zandi Hanjari, Kettil, & Lundgren, 2011) .
For enhanced assessment, the non-linear response is preferably taken into account in the structural FE analysis and can be included at several different levels of detail. For RC slabs, the use of a bending plate or shell theory is effective. With shell elements and embedded (smeared) reinforcement (Schreppers, 2011 ) (CEB-FIP, 2008 to describe the RC slab, bending failure can be captured by the FE analysis. However, with available software for engineering practice, other types of failures like out-of-plane shear and punching are not reflected, but must be checked using separate resistance models. The MC2010 (CEB-FIP, 2013) provides resistance models at several levels of accuracy for different potential failure modes, such as shear, punching and anchorage failures.
With continuum (solid) elements to represent slabs, considerably larger FE models and longer computational times are obtained. On the other hand, inclined cracking and out-ofplane shear and punching failures can be captured in the structural analysis. By also including the bond-slip relation for the reinforcement-concrete interaction, anchorage failures can be captured and with a sufficiently dense element mesh a detailed picture of the cracking can be obtained.
Non-linear structural analysis has also proven to be capable of describing the behavior of deteriorated RC structures in a comprehensive way. Provided that appropriate constitutive models are adopted, the effect of the deterioration on the reinforcement, concrete and their interaction can be realistically accounted for. The effect of concrete cracking, due to such as internal frost damage or alkali-silica reaction, can be taken into account in the FE analysis by adopting reduced-material strength and stiffness. Corrosion-induced or frost-induced spalling can be accounted for by reducing the concrete cross section. When the bond-slip relation for the reinforcement-concrete interaction is included in the analysis, the effect of the deterioration on bond needs also to be accounted for; see Lundgren et al. (2012) .
There are several references available with recommendations for a 3D linear FE analysis of RC slabs, e.g., Rombach (2004) and Blaauwendraad (2010) . Detailed recommendations for modelling and designing of RC slabs based on a linear FE analysis are given in Pacoste et al. (2012) . For a non-linear analysis, there is less literature available to provide practical recommendations. Rijkswaterstaat (2012) provides guidelines for non-linear FE analysis of RC girder members and Broo et al. (2008) presents a guide to the non-linear FE modelling of shear and torsion in concrete bridges. Belletti et al. (2014) carried out non-linear FE analyses of RC slabs at different levels of approximation according to MC 2010 (CEB-FIP, 2013 . Amir (2014) investigated compressive membrane action using non-linear FE analyses and obtained similar results as experiments. Modelling recommendations of non-linear analysis of RC slabs using 3D continuum finite elements was proposed by Shu et al. (2014b) and was evaluated for two-way slabs subjected to bending failure.
The safety format commonly used in design as well as in assessment is the partial safety factor method. This is suitable for a normal two-step procedure in which the action effect is compared with the resistance at a component or cross-sectional level. When a non-linear analysis is used, one or several possible failure modes are integrated into the structural analysis, and the resistance is evaluated in a one-step procedure at the structural level. Hereby, the partial safety factor method is not suitable. Instead, safety formats based on global safety factors should preferably be used. Eurocode 2 (EN 1992 (EN -2, 2004 provides some directions in this area; the method is further elaborated in the MC 2010 (CEB-FIP, 2013) . Schlune et al. (2011) showed deficiencies in how model uncertainties were treated in these methods for difficult-to-model failure modes, such as bending failures in skew directions and shear type failures; hence the methods in Eurocode (EN 1990 , 2002 ) and MC 2010 (CEB-FIP, 2013 should be applied with care for such cases.
A Multi-Level Structural Assessment Strategy
The multi-level assessment strategy proposed in this paper for RC bridge deck slabs is based on the principle of successively improved evaluation in structural assessment (SB-LRA, 2007) . In Figure 1 , a flow diagram for the assessment process is illustrated. It starts with an initial assessment based on available documentation, using simplified analysis methods similar to those used in design. If the requirements are not fulfilled, it is possible to move to more enhanced assessment, after evaluation of the economical, societal and environmental consequences of proceeding or alternatively finishing the assessment. The enhanced assessment can include gathering of improved information regarding the in-situ conditions through inspections, monitoring and testing, or deeper studies of the documentation. Such assessment often consists of more advanced structural analyses and resistance models that are more accurate and reliable. After performing the enhanced assessment, it is re-evaluated whether to proceed, and which methods that should be used to improve the assessment further. Finally, the assessment results in a decision whether it is possible to continue the use of the bridge, and if this is the case, whether intensified monitoring, strengthening or repair would be needed.
The proposed multi-level assessment strategy focuses on enhanced assessment through improved structural analyses and resistance evaluations. For RC bridge deck slabs, different assessment levels according to Figure 2 maybe be distinguished. Evaluation of the structural response and load-carrying capacity can be made with structural analysis at levels ranging from simplified methods (I) over the currently dominant design methods based on linear FE analysis (II) to non-linear FE analysis at different levels of detailing (III -V). If the failure mode in question is not reflected in the analysis, the structural analysis needs to be combined with local resistance models. It is desirable that the models for structural analysis and for the determination of local resistance are, as far as possible, at equivalent levels of accuracy. In the assessment process, Figure 1 , it is reasonable to use analysis on level I or II for the initial assessment. If the assessment is continued with enhanced methods, improved structural analysis and resistance models on higher assessment levels (II to V) can be utilized successively within to the "loop" for continued assessment indicated in the figure. The proposed assessment levels are briefly described below, and are exemplified by two case studies in Sections 4 and 5.
Level I: Simplified Analysis Methods
At this level, the structural system is commonly simplified to 2D beam or frame models with a pre-assumed load distribution along the main directions. For a RC slab, this can be generalised as the strip method (Hillerborg, 1996) . In both cases, the structural model is based on the lower bound theorem of plasticity (Hillerborg, 1996) . The analysis can be complemented by the yield line method (Johansen, 1972) , giving an upper bound for the plastic load-carrying capacity. The limited plastic deformation capacity of the slab can be accounted for by limitations of the load distribution widths, e.g., BBK 04 (Boverket, 2004) . For two-way spanning slabs, there are also solutions tabulated in handbooks for the distribution of load effects (BBK 04, 2004) .
The load effects are compared with corresponding resistances determined by local models for bending, shear, punching and anchorage of reinforcement. Common design resistance models are used, as described in e.g., the Eurocode 2 (EN 1992 (EN -1-1, 2004 , ACI 318-05 (ACI Committee 318, 2011) or national regulations.
Level II: 3D Linear Shell (FE) Analysis
Here, the structural analysis is performed using 3D FE models, most often based on shell or bending plate theory. The analysis is performed assuming linear response to be able to superimpose the effect of different loads, in order to achieve the maximum load effects in terms of cross-sectional forces and moments throughout the structure for all possible load combinations. Since both geometrical simplifications and the assumption of linear material response result in unrealistic stress concentrations, and because the bars are often arranged in strips with equal bar diameter and spacing, the redistribution of the linear cross-sectional forces and moments are necessary. Recommendations on redistribution widths for bending moments and shear forces are given in Pacoste et al. (2012) . The structural analysis can be seen as "linear elastic with limited redistribution" according to Eurocode 2 (EN 1992 -1-1, 2004 ). The load effect is then compared with corresponding resistance in similar way as at level I.
Level III: 3D Non-linear Shell FE Analysis
In a non-linear analysis, the loads are successively increased until failure of the structure is reached. In practice, due to the excessive amount of work it would require, non-linear analysis cannot be performed for all possible load combinations, but only for the most critical loads determined previously in the assessment process. At this assessment level, shell (or bending plate) finite elements are used. The reinforcement is included in the FE model but assumed to have perfect bond to the concrete; it is preferably modelled as embedded reinforcement (Schreppers, 2011) layers in the shell elements, strengthening the concrete in the direction and at the level of the reinforcement bars. In such a model, bending failures will be reflected in the analysis, whereas out-of-plane shear, punching, or anchorage failures are not reflected. Instead they must be checked by local resistance models. With this level of accuracy on the structural analysis, resistance models at higher levels of approximation according to MC2010 (CEB-FIP, 2013 ) are preferably used. For shear type failures, models taking into account the in-plane stress-state from the non-linear analysis are recommended.
Level IV: 3D Non-linear FE Analysis with Continuum Elements and Fully Bonded Reinforcement
Here, the non-linear analysis is performed using 3D continuum elements representing the concrete. Similarly to level III, the reinforcement is assumed to have perfect bond and no slip to the concrete (Schreppers, 2011) ; embedded reinforcement layers can be used in coarse FE meshes, while individual (embedded) bars may be preferred in dense meshes with elements smaller than the reinforcement bar distances, to better reflect the crack pattern. In such an analysis both bending and shear type failures including punching can be reflected. However, anchorage failures need to be checked with the help of separate resistance models.
Level V: 3D Non-linear FE Analysis with Continuum Elements Including Reinforcement Slip
Compared to level IV analysis, the reinforcement is modelled using separate finite elements (Schreppers, 2015) . Furthermore, the bond-slip behaviour of the interface between the reinforcement and the concrete is included. With a fine mesh, individual cracks can be studied and anchorage failure can be reflected in the analysis. With this level of accuracy in the structural analysis, the intention is that no major failure modes should be necessary to check using separate resistance models.
When the structure is deteriorated due to causes such as reinforcement corrosion, frost damage or alkali-silica reaction, the structural effect of the deterioration needs to be accounted for in the analysis. At levels I and II, the deterioration will affect the structural analysis only if the stiffness relations are altered, whereas the resistance calculations are more directly influenced. With non-linear structural analysis at levels III -V, lowered material strength, concrete cover spalling and deteriorated reinforcement-concrete interaction may directly be included in the analysis. Recommendations on how to take into account the effect of deterioration can be found in Zandi Hanjari et al. (2011c Hanjari et al. ( , 2013 for reinforcement corrosion and in Zandi et al. (2011a,b) for frost damage.
When global buckling might be critical, this can be taken into account in analyses at levels III -V by including geometric non-linearity and initial imperfections in the FE analysis. The level of assessment that is needed in each individual case is governed by the local failure mode limiting the deformations. For most cases, when bending is limiting the deformations, analysis at level III will be sufficient.
For each level of assessment, a relevant safety format should be used. When a two-step procedure is used to determine the load-carrying capacity, as at levels I and II, the partial factor method is normally used. For non-linear analysis, using a one-step procedure to determine the load-carrying capacity at the structural level, safety formats based on global safety factors according to MC2010 (CEB-FIP, 2013) are recommended. This applies to level V as well as levels III and IV for the types of failures reflected in the non-linear analysis. When failure modes not reflected in the analysis are checked using separate resistance models, using the partial factor method is appropriate. When safety formats based on global safety factors are used, and bending failures in skew directions and shear type failures govern the capacity, the modelling uncertainty used should be given special attention since the values given in MC2010 (CEB-FIP, 2013) might be too low, Schlune et al. (2011) .
Before proceeding to a more advanced level of assessment, it is important to judge the benefits of the more accurate evaluation with respect to the increased cost in terms of additional working hours and computation time. For example, when evaluating a simple structure like a simply supported slab with distributed load, spanning in one direction, it is not likely to gain much by going beyond level I or II; for a two-way spanning slab failing due to bending, it is probably not possible to show much higher load-carrying capacity when going beyond level III.
Even though assessment at more enhanced levels provide improved understanding and higher detectable load carrying capacity, the increased cost in terms of additional working hours and computation time must be weighted in relation to what can be gained before choosing whether to proceed with analyses at higher levels. The benefit of performing more advanced structural analysis must also be weighed against other methods to improve the assessment, e.g., improved inspections, monitoring and testing and reliability-based assessment. The aim of the assessment must be clear to help determine which method and assessment level that is adequate for the current structure. To facilitate this goal, the proposed multi-level assessment strategy may be of benefit in evaluating existing RC slabs.
For the case studies below, the different assessment levels were compared. The predicted load-carrying capacities were calculated using mean values of material parameters at all different levels. In this way, the different safety formats or chosen safety levels do not influence the comparison. Instead, it is the capability of the structural analysis and resistance models to predict the load-carrying capacities that is evaluated and compared to test results. Fall et al. (2014) carried out a series of tests on two-way slabs. In a larger test series, three specimens with the same dimensions were tested. The specimens were octagonal slabs (80 mm in thickness) supported on four edges, by five rollers each, and subjected to a point-load at the centre, see Figure 3 (left). The loading was deformation controlled and the reaction forces were measured by strain gangues on the roller supporting the slab. Details regarding the monitoring campaign can be found in Fall et al. (2014) . The compressive and tensile strength of the concrete and the tensile strength of steel reinforcement were determined through material tests. The reinforcement, consisting of 6 mm ribbed bars, was twice as dense at the first bottom layer (s = 98 mm) as at the second (s = 196 mm). The three slabs tested showed very similar results. In the tests, cracking started when the load was 27 kN on the average (27kN, 27kN & 27kN for the three samples), followed by bending hardening. The slabs failed at the ultimate load of Pu.exp = 70 kN on the average (69kN, 69kN & 71 kN for the three samples) with a rupture of reinforcement bars; the tests were aborted when two bars had ruptured (Fall et al., 2014) .
Case 1: Application to Two-way Slabs Subjected to Bending Failure

Experiment
Analysis at Different Assessment Levels
To analyse the response of the two-way RC slabs, the finite element software DIANA 9.4.4 (TNO, 2012) was used to model the slabs at all levels. According to the previous study (Shu, 2015) , the mesh size has been proven to have minor impact to the analyses results when the presented modelling method is used.
Material Models for Concrete and Reinforcement
In the following section, the two-way slabs were assessed at different levels according to the strategy. In all calculations, mean values of material parameters from the tests (Fall et al., 2014) were used, see Table 1 . Table 1 . Mean values of material parameters for the two-way slabs (Fall et al., 2014 For the material model applied to the non-linear FE analysis at level III-V, concrete was modelled using a fracture energy based total strain rotating crack model (TNO, 2012) . In tension, a smeared rotating crack model (Rots, 1988) was used. In this approach, the crack width w is related to the crack strain εcr perpendicular to the crack via a characteristic lengththe crack band width hb. The advantage is that the formulation remains local and the algorithmic structure of the finite element code requires only minor adjustments, limited to the part of the code responsible for evaluations of the stress (and stiffness) corresponding to a given strain increment (Jirásek, 2012) . The crack band width was determined differently depending on the bond-model for reinforcement (Shu, Fall, Plos, Zandi, & Lundgren, 2014a) and an example of the tension softening curve can be found in Figure 4 (left). The behaviour of concrete in compression was described by an isotropic damage constitutive law. When the stress-strain relationship was used in numerical analyses, the localization of deformation in compressive failure needs to be taken into account. The compression softening behaviour is related to the boundary conditions and the size of the specimen (Mier, 1984) . Consequently, the stress-strain relation used has been calibrated by measurements of compression tests on 300 mm long cylinders. The softening branch needs to be modified for the concrete element size used in the FE model. Thus, the stress-strain curve according to Thorenfeldt (1987) was modified to fit the concrete element size (Zandi Hanjari, Kettil, & Lundgren, 2013) , resulting in a uniaxial stress versus strain response as shown in Figure 4 (middle). The other material properties used were identical to Table 1. The behaviour of the reinforcement was described by a Von Mises plasticity model, including strain hardening, using values as obtained from material tests, see Figure 4 (right).
Level I: Simplified Analysis Method
At the initial level of structural assessment, the load-carrying capacity with respect to bending failure was estimated using the strip method (Hillerborg, 1996) by assuming the load was carried by slab strips in both x and y directions; see Figure 5 (a) as well as the yield line method (Johansen, 1972) ; see Figure 5 (b). The failure load with respect to one way shear and punching were checked according to Eurocode 2 (EN 1992-1-1, 2004) . The results of this calculation are displayed in Table 2 . The anchorage was also checked according to Eurocode 2 (EN 1992-1-1, 2004) , i.e. the reinforcing bars are anchored so that the bond forces are safely transmitted to the concrete avoiding longitudinal cracking or spalling. At level II, a 3D linear FE model of a quarter of the slab was defined, as seen in Figure 6 (left). The concrete slab was modelled with 8-noded rectangular shell elements of the size 40 mm × 40 mm. Symmetry boundary conditions were applied to the symmetry lines and the roller supports were modelled by preventing translations in vertical direction and horizontally along the rollers. A unit pressure load equal to 1 kN was applied to the centre area of the slab, at the position of the loading plate.
The linear FE analysis results in a moment field consisting of bending moments, see Figure  6 (right). At the ultimate limit state, the forces in each main reinforcement layer multiplied by the corresponding inner lever arms will result in bending moment resistances. These moment resistances must balance the complete linear moment field, including the torsional moment. Methods to determine the sectional forces and moments for design of slab reinforcement are found in handbooks (Pacoste et al., 2012) . The reinforcement moments mrx and mry for the design of reinforcement in the two perpendicular reinforcement directions x and y can be defined according to
where mx and my are the bending moments in the x and y directions respectively. Furthermore, mxy is the torsional moment and μ is a factor that can be chosen with respect to practical considerations, here equal to 1. Owing to the capacity of plastic redistributions in concrete structures, the reinforcement moments can be redistributed over a certain width, here denoted w. The redistribution width is limited by the rotation capacity of the slab, which can be represented by the ratio between the compression zone height, xu, over the effective depth of the cross-section, d. According to (Pacoste et al., 2012) , the redistribution width for the slab studied can be calculated by an interpolation between = � 2 , = 0.15 min �5ℎ, 5 � , = 0.0
Equation 3
In the above equations, h is the height of the section and Lc is the characteristic span width, in this case h = 80 mm, Lc = 2200 mm and xu/d = 0.05 which yields w = 638 mm by interpolation. The concentrated loading capacity of the slab with respect to bending was calculated as
mRx is the bending resistance of the slab strip calculated for the currentreinforcement ratio. The capacity with respect to one-way shear, punching and anchorage failure was checked according to the linear FE analysis and were found not to be critical.
Level III: 3D Non-linear Shell FE Analysis
For a non-linear structural analysis at level III, the slab was modelled with shell elements using a similar mesh as for level II, see Figure 7 . A Simpson integration scheme was used with 9 integration points over the thickness together with Gauss integration with 2×2 integration points over the shell area. The reinforcement was included in the model as fully bonded embedded reinforcement, in this case as individual rebars with the same layout as in reality. Instead of applying equally distributed load as at level II, a steel plate was added to the model. All nodes of the steel plate were tied to the centre node using "tying elements" so that they all had the same displacement in z direction. In this way displacement control can be used for the node at the centre of the slab in the loading procedure. The analysis was carried out using a regular Newton-Raphson iteration method based on force and energy convergence criteria, with a tolerance of 1e-2. The analysis finished when the analysis could not achieve convergence due to reinforcement rupture. The load-carrying capacity obtained was Pu = 60.7 kN. The risk of shear and punching failures as well as anchorage failure were checked separately and found not to be critical. 
Level IV: 3D Non-linear FE Analysis with Continuum Elements and Fully Bonded Reinforcement
For Level IV, a detailed 3D model with continuum elements was defined, as displayed in Figure 8 . In (Shu et al., 2014b) such a model proved to be capable of predicting the loadcarrying capacity of the same two-way slab reasonably well. In the FE model, the steel plates at the supports were included and interface elements were used between the concrete and the steel plates to describe friction. To model the boundary conditions provided by the roller supports, the translation of the nodes representing the centre of the rollers under the steel plates were fixed in both vertical direction and along the roller axis. The translation of all nodes at the symmetry faces were fixed in the perpendicular direction. In this model, the geometric non-linearity with Total Lagrange description was included because a large deflection (120 mm) of the tested slab was observed. First order 8-noded brick elements, 40×40×10 mm (length×width×height) were used. Further refinement of the element mesh was found to have minor impact on the analyses results (Shu et al., 2014a) . The analysis was carried out using a regular Newton-Raphson iteration method based on force and energy convergence criteria, with a tolerance of 2e-2. The analysis finished when convergence could not be achieved due to bending failure limited by reinforcement rupture. The load-carrying capacity obtained was Pu = 66.7 kN. Since perfect bond was assumed for the interaction between the reinforcement and the concrete, the anchorage failure was also checked according to Eurocode 2 (EN 1992-1-1, 2004) and found to be non-critical. The models at level V and IV were identical except for the bond of reinforcement. Instead of using fully bonded reinforcement as at Level IV, a bond-slip behaviour was included to better describe the interaction between reinforcement and concrete. When the bond-slip model was used, 2-noded truss elements for the reinforcement were connected to the concrete elements by line interface elements; this was done automatically by the FE-program during preprocessing. These interface elements described a bond-slip behaviour in terms of a relation between the traction and the relative displacement along the bars. The analytical bond-slip relation for unconfined concrete under "good" bond conditions given in the MC1990 (CEB-FIP, 1993) was assumed, see Figure 9 , i.e. with the notation used in MC1990, s1 = s2 = 0.6 mm, s3 = 1.0 mm, τmax = 14.26 MPa and τf = 2.14 MPa. The analysis finished after reinforcement rupture. The load-carrying capacity obtained was Pu = 62.5 kN. Figure 9 . Bond-slip relation used for the interaction between concrete and the ribbed reinforcement bars for two-way slabs (CEB-FIP, 1993)
Results and discussion
Structural behaviour
The load-carrying capacity of the two-way slab at level I-II and the load-deflection curves from non-linear FE analyses at level III-V and from one of the tests are displayed in Figure  10 . Before the cracking load (≈30kN) reached, the response from both test and analyses illustrates an elastic behaviour. After cracking, a clear bending hardening behaviour followed. The ultimate capacity of the slab was reached when the deflection at the centre of the slab was almost 120 mm. Figure 10 . Load-deflection response and bending resistance of the two-way slabs Figure 11 shows crack patterns from one of the tests and the non-linear analyses. It is evident that the load-deflection behaviour in the non-linear analyses well reflects the experimental tests. In the experiments, the slabs failed at an average ultimate load of 70 kN with rupture of reinforcement bars. Several flexural cracks propagated from the centre in the diagonal direction, see Figure 11 . The crack pattern was well predicted by the models at level III-V, and coincides with the failure mechanism assumed in the yield line method at level I. The yielding and rupture of reinforcement was influenced by the bond-slip property. Figure 12 (up) presents the yielding pattern of reinforcement from the analyses at level III, IV and V. Two of the reinforcement bars, located at the centre of the slab, started to yield when the load in all analyses reached around 40 kN. Then, the number of elements in which the reinforcement yielded gradually increased at levels III, IV but and V. In all analyses, the stress in the reinforcement bars continuously increased until the descending branch, indicating reinforcement rupture. (bottom) 4.3.2 Load-carrying capacity Figure 13 summarizes the load-carrying capacity based on the analysis of the different assessment levels and the experimental tests of the slabs. It is obvious that the detectable loadcarrying capacity increased for higher levels of assessment, but was always lower than the experimental value. The lowest resistance obtained was from analytical calculations according to the yield line theory (Level I). The linear FE model (Level II) resulted in a higher capacity than level I. On this level, the reinforcement moments obtained from the linear analysis were redistributed over an effective width. However, the redistribution widths according to the recommendations by (Pacoste et al., 2012) are intended to be conservative estimates. Therefore, for assessment of existing structures, it is important to choose the effective widths according to how the reinforcement is distributed in the slab. A lower load-carrying capacity was estimated at levels I and II than levels III-V due to two major reasons. On one hand the hardening of reinforcement steel was not included in the resistance model at the lower levels. On the other hand, the membrane action of the slab was not reflected at the lower level but included in the FE analyses at higher levels. Compared to linear FE shell analysis (level II), non-linear FE shell analysis (level III) increase the capacity considerably since it includes material non-linearity. In addition, a load-deflection response was obtained with this level of analysis. The crack pattern was also visible so that where and how the slab gets damaged and fails were recognizable. Compared to the non-linear FE shell model, the non-linear FE continuum element models (levels IV-V) predicted the capacity more accurately. One reason to this probably is because the geometric non-linearity was included in the continuum element model of the slab. The slab had a significant deflection during the test, arriving at 120 mm, greater than the thickness itself. By including the geometric non-linearity, the membrane action was accounted for more correctly at large deflections. Figure 13 shows that the load carrying capacity predicted at level V was slightly lower that that predicted at level IV. The explanation for this is that when reinforcement slip was included, the strain in the reinforcement in regions with localised cracking became larger than with fully bonded reinforcement, for the same load level. Thus, the reinforcement reached rupture earlier in the analysis at level V than in the level IV analysis. Figure 13 . Load-carrying capacity, limited by bending failure, of the two-way slabs with assessment at different levels, compared with experimental results.
Case 2: Application to a Cantilever Slab Test
Experiment
To investigate the structural behaviour and failure mode of cantilever bridge deck slabs, several experiments have been performed (Vaz Rodrigues, Fernández Ruiz, & Muttoni, 2008) . The experimental work involved six experiments on two specimens, representing the cantilever deck slab of a box girder bridge in 3/4s scale, without shear reinforcement in the slab. A slab with four concentrated loads, slab DR1-a, was chosen for the study in this paper, see Figure 14 (a). The cantilever had a span of 2.78 m and a length of 10 m. The slab thickness varied from 0.38 m at the supported end to 0.19 m at the cantilever tip as shown in Figure 14 (b&c). The fixed end support was clamped by means of vertical pre-stressing. The reinforcement layout is displayed. The specimen was subjected to four concentrated forces simulating traffic loads. The concentrated loads were applied on the top of the slab using steel plates with dimensions 300 × 300 × 30 mm. The deflection at point p was measured. Details regarding the cantilever test and the monitoring campaign can be found in Vaz Rodrigues et al. (2008) . 
Analysis at Different Assessment Levels
Material Models for Concrete and Reinforcement
In the following section, the cantilever slab has been evaluated at different assessment levels according to the proposed strategy in this paper. In all calculations, mean value of material parameters from the tests were used, see Table 3 . The non-linear material model used in the cantilever slab model was similar to the one for the two-way slab, previously described in case study 1. A total strain rotating crack model was used for the concrete and a Von Mises yield criterion was used for the reinforcement. The material properties available from the experiment were used and complemented with some assumptions regarding the material response. Linear tension softening after cracking and the Thorenfeldt (1987) compressive behaviour were used for concrete, while bi-linear hardening plasticity behaviour was adopted for reinforcement, see Figure 15 . Figure 15 . Examples of stress-strain relations used for material response in the cantilever slab, for (a) concrete in tension, (b) concrete in compression and (c) reinforcement steel.
Level I: Simplified Analysis Method
To assess the load-carrying capacity in the ultimate limit state, several possible failure mechanisms were evaluated such as ( Calculation results show that the outer section 1 is more critical due to shorter perimeter and smaller effective depth. The resistance for bending, one-way shear and punching shear can be found in Table 4 . Thus the governing failure mode at this level is punching shear at section 1 and the loadcarrying capacity was Qu = 906 kN at this level.
Level II: 3D Linear Shell (FE) Analysis
To determine the load effects by linear FE analysis in the cantilever RC slab, a 3D shell element model was created, see Figure 17 . The dimensions in the FE model were identical to the experiment. The concrete slab was modelled with 8-noded rectangular shell elements at 100 mm × 100 mm size. The boundary conditions were chosen to simulate the experimental conditions, with all translations fixed along edge A, and the vertical translations fixed along the simply supported edge B. A unit load of 1 kN was equally distributed over the four loading plates. Figure 17 . Linear shell element model of the cantilever RC slab, for level II To analyse the one-way shear capacity, the shear force field from the linear FE analysis was used. According to (Pacoste et al., 2012) , the critical cross-section for shear forces can always be chosen at a distance ycs = (c+d)/2 away from the centre of the loading plate. For the slab test studied this results in two possible critical cross sections as shown in Figure 18 (a). In Figure 18 (b), a typical shear force distribution obtained from linear FE analysis, for one of the critical sections, is shown. According to Pacoste (2012) , the distribution width wx can be determined as:
where d is the effective depth at the critical section, t is the thickness of the surface and b and c are the dimensions of the loading plates, as shown in Figure 18 . The shear resistance for sections 1 and 2 were calculated to be 967 kN and 1015 kN, respectively. The parameter kψ depends on the rotations ψ of the slab and fcm is the mean value of concrete compressive strength. dv is the effective depth of the slab and b0 is the shear-resisting control perimeter. The way to calculate these parameters can be found in MC2010 (CEB-FIP, 2013) . The results of this calculation have been summarized in Table 5 . The bending capacity was also calculated and proved to be non-critical. Thus, the governing failure mode at this assessment level was punching shear at section 2 and the loadcarrying capacity was Qu = 1009 kN at this level.
Level III: 3D Non-linear Shell FE Analysis
At level III, the slab was modelled with shell elements using the same FE mesh as in the level II analysis; see Figure 19 , but with non-linear material response and fully bonded reinforcement. The integration scheme was identical to level III in case 1, i.e., Simpson integration with 9 integration points in the thickness direction. Furthermore, the boundary conditions at support B were modelled differently than for Level II; instead of fixing the vertical translations along a line, the supports, consisting of concrete blocks, were modelled using non-linear springs, representing the stiffness of the concrete blocks in compression and with low stiffness in tension to allow uplifting. The reinforcement was modelled as fully bonded embedded reinforcement grids in both x and y directions. To enable deformation control of the four concentrated loads on steel plates, a loading substructure was used in the model, see Figure 19 . The loading sub-structure was modelled with very stiff beam elements, and was designed to be statically determinate. The stiff beams were connected by tying some of the nodes to each other, (the dashed lines in Figure 19 ), so that they had the same translation in z-direction. This way, the load was distributed equally on 16 nodes, each concentred load in the test represented by four node loads. The analysis was carried out using a regular Newton-Raphson iteration method based on force and energy convergence criteria, with a tolerance of 1e-2. In the experiment, cyclic loading was included in to investigate the structural behaviour at SLS (Vaz Rodrigues, 2007) .However, in the FE analysis, the cyclic loading was not included to avoid numerical difficulties and because the structural behaviour at ULS was of primary interest in this study. The analysis finished when it could not reach convergence due to reinforcement rupture, indicating a bending failure, at a load level of 1683kN.
Since shear type failures are not reflected in the analysis at this level, the resistance with respect to one-way shear and punching was separately evaluated. The governing punching capacity was calculated using the results from the non-linear FE analysis by applying the critical shear crack theory (CSCT) by Muttoni (2009 ), according to MC2010 (CEB-FIP, 2013 . In this method, the punching shear strength VR depends on the rotation ψ of the slab. The punching capacity for both critical sections 1 and 2 were checked, see Figure 20 (a). The difference in rotations between points p1 and p2 (see Figure 20 (a)) was used for critical section 2; while the difference in rotations between points p2 and p3 (see Figure 20 (a)) was used for critical section 1. The failure loads were determined as the intersection point between the relation for the relative shear force versus rotation obtained from the non-linear FE analysis and the corresponding failure criterion according to Figure 20(b) . The results show that the punching capacity, instead of bending and one way shear, was found to limit the load-carrying capacity of the slab to Qu = 1229 kN. In order to capture the inclined cracking and shear failure, a detailed 3D model of half of the slab was created for the assessment at level IV using continuum elements, as displayed in Figure 21 . In this FE model, the steel plates along edge A under the hydraulic jacks of the loading system, used in the test, were included in the model. The supporting concrete blocks along line B were also included, with interface elements between the blocks and the slab to describe friction. Second order 8-noded brick elements, 150×150×60 mm (length×width×height) were used. Further refinement of the element mesh was found to have minor impact on the analyses results (Shu et al., 2014a) . In contrast to case study 1, first order elements were not used to prevent the analysis from becoming too time consuming (Shu et al., 2014a; Hendriks et al., 2012) ; three elements instead of eight were used over the height, resulting in approximately 1/10 of the elements . The translations of all nodes at the symmetry faces were fixed in the direction perpendicular to the faces. The steel plates along edge A had fixed translations for vertical direction, and the concrete block at position B was simply supported at its lower face. A loading sub-structure, as described at level III, was included also in this model. Each reinforcement bar of the slab was modelled as a fully bonded embedded reinforcement bar, but two layers of reinforcement are overlapped in Figure 21 . The analysis was carried out using a regular Newton-Raphson iteration method based on force and energy convergence criteria, with a tolerance of 1e-2. The analysis finished when a shear type failure with an inclined shear surface was formed. The response and failure are further discussed in section 5.3. The load-carrying capacity obtained was Qu = 1260 kN. The model at level V & IV were identical except for the reinforcement. Instead of using fully bonded reinforcement, an assumed bond-slip relation was included to describe the interaction between the reinforcement and surrounding concrete more in detail. The bond-slip property used was based on MC1990 (CEB-FIP, 1993); see Figure 9 , with maximum bond stress 12.5MPa. The analysis finished when a shear type failure with an inclined shear surface was formed and the load-carrying capacity obtained at this level was Qu = 1269 kN.
Result and Discussion
Structural Behaviour
The ultimate load capacity of the cantilever slab at assessment level I-II and the load deflection curves from both the non-linear FE analyses at levels III-V and the experiment are displayed in Figure 22 . Figure 23 shows the crack patterns from both the experiment and the non-linear FE analyses at 95% of the ultimate load. It is evident that the load-deflection behaviour from the analyses at level III-V are in good agreement with experimental results, except for deflections smaller than around 20 mm where the analyses show higher loads than the experiment. The seemingly more flexible response in the experiment is a consequence of that the slab was subjected to 100 loading cycles up to 410 kN to investigate the behaviour at service limit state before finally loaded up to failure; this cyclic loading was not included in the analyses explaining the discrepancy in deflection for smaller loads. The cracks at the top surface developed in a semi-circular shape around the loads, resembling the crack pattern expected by the yield line theory mechanism at the ultimate load stage, see Figure 23 . This indicates that the slab displayed bending behaviour at this stage. Meanwhile, an inclined shear crack developed around the two concentrated loads closest to the tip of the cantilever at a load level of about Q = 825kN (approximately 60% of ultimate capacity), corresponding well with the experiment results. This provoked the failure of the slab in a way similar to the experiment, see Figure 24 . Another shear crack developed in the region between the clamped edge and the concentrated loads. This latter crack, however, did not develop to a complete failure surface. The shear cracks did not occur at level III as shell elements cannot describe shear cracking in the cross-section. Compared to level IV, the analysis at level V displayed a clearer crack pattern, but a similar structural behaviour. The experiment failed at a load of Qu.exp = 1396kN in a shear manner, which is higher than at levels IV -V. The influence of flexural cracks on the shear force distribution was also observed when shifting from linear to non-linear FE analysis. Shams Hakimi (2012) indicated that the shear stress along the support became more evenly distributed when the non-linear flexural response was taken into account, see the shear force distribution from levels II and III in Figure 25 . This was because the initial flexural crack started at the mid region, which forced the shear force to be redistributed away from the crack region, i.e., to be moved outwards from the middle. Since plastic redistribution reduced the shear from what was predicted from linear analysis, it is beneficial if structures sensitive to shear are assessed taking this into account. Based on the measured crack widths in the experiment, yielding occurred both on the top and on the bottom reinforcement before punching failure occurred (Vaz Rodrigues, 2007) . Consequently, the load was redistributed, as the slab was capable of carrying increasing loads after yielding of the reinforcement. However, in the non-linear analyses, yielding of the reinforcement was observed only in the analysis at level V, but not at levels III and IV. The reason was that at level III and IV, the strain of the reinforcement was limited by the full bond to surrounding concrete. In the non-linear FE analysis at level V, this restriction did not exist. Figure 25 . Shear force distribution along supports from model at level II and III (Hakimi, 2012) . Figure 26 summarizes the ultimate loads from all assessment levels and from the experiment for the bridge cantilever slab. Generally, the predicted capacity increased for higher levels, but was always smaller than the experimental value. The lowest resistance was obtained from analytical calculations according to Eurocode 2 (level I). The linear FE analysis (level II) resulted in a slightly higher prediction. At this level, a distribution of the shear force from linear FE model could be made by assuming a distributed width. The assessment at levels I and II underestimated the load-carrying capacity partly because the redistribution of shear forces due to the cracking was not included in the structural analysis. However, a major reason that the non-linear FE shell analysis (level III) estimated the punching capacity better than the linear FE shell analysis (level II) is that the non-linear response from the structural analysis is included in the resistance model. However, it is important to note that even though the flexural crack pattern was reflected in analyses at level III, shear cracking in the crosssections cannot be reflected. Therefore the non-linear FE continuum element analyses (Level IV and Level V), which were capable of simulating punching failure and shear crack pattern, offered enhanced opportunity to accurately assess the RC slab subjected to shear. When the bond-slip properties of the reinforcement bars were included in the continuum element model (level V), the deformation of the structure and the interaction between the reinforcement and surrounding concrete could be reproduced closer to the reality. 
Load-carrying Capacity
Conclusions
This paper proposes a novel multi-level assessment strategy for reinforced concrete bridge deck slabs. The strategy is based on the principle of successively improved evaluation in structural assessment. The strategy is described in detail in section 3, including recommendations for analysis on the different assessment levels. The proposed strategy was evaluated on two case studies: (a) previously tested two-way slabs subjected to bending failure (Fall et al., 2014) and (b) a cantilever slab subjected to shear type failure (Vaz Rodrigues, 2007) , in both cases loaded with concentrated loads.
The proposed strategy provides the engineering community a framework for using successively improved structural analysis methods for enhanced assessment in a straight forward manner. The study shows that the proposed assessment strategy and analysis methods are valid and give conservative estimates of the load carrying capacity. Even though it was demonstrated on simple structures tested in laboratory only, the strategy is intended and suited for assessment of real full-scale structures like bridge deck slabs in engineering practice. As expected, the case studies show that more advanced methods yield an improved understanding of the structural response and are capable of demonstrating higher, yet conservative, predictions of the load-carrying capacity. Furthermore, the case studies demonstrates that:
• Compared to linear analysis (levels I & II), non-linear FE analysis (levels III, IV and V) has several advantages. In addition to detect higher load carrying capacity, such analysis gives improved understanding of the structural response for RC slabs because e.g. the load-deflection response and crack pattern are obtained from the analysis, and it is possible to witness where and how the slab failed.
• For slabs subjected to both shear and bending, the non-linear FE analyses (levels III, IV and V) are capable of reflecting interaction between bending and shear. Furthermore, nonlinear FE analyses with continuum elements (levels IV and V) are capable of reflecting inclined shear cracks and shear type failures, including punching.
• The case studies indicate that the largest improvement in detectable load carrying capacity can be obtained when using non-linear shell FE analysis (level III) instead of linear analysis (level II). This was observed not only for bending failure, but also for shear type failure when combined with more advanced resistance models according to MC2010 (CEB-FIP, 2013) . However this needs to be verified through more case studies.
In this study, the multi-level assessment strategy was applied to relatively simple structures. In the future, the proposed assessment strategy will be applied to and further developed for more complex structures. The application of the safety formats for non-linear analysis needs also to be further developed for more complex structures and failure modes. Furthermore, the multi-level assessment strategy needs to be integrated into a decision support system for the structural assessment, including inspection, testing, monitoring, reliability and risk analysis.
